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T lymphopoiesis in the thymus was thought to be completed once it reaches the single positive (SP) stage, a stage when T cells are
“fully mature” and waiting to be exported at random or follow a “first-in-first-out” manner. Recent evidence, however, has revealed
that the newly generated SP thymocytes undergo a multistage maturation program in the thymic medulla. Such maturation is
followed by a tightly regulated emigration process and a further postthymic maturation of recent thymic emigrants (RTEs). This
review summarizes recent progress in the late stage T cell development. The regulation of this developmental process is discussed.

1. Introduction

The thymus provides a unique microenvironment for the
development and maturation of T cells. On the basis of CD4
and CD8 expression, T lymphopoiesis can be roughly divided
into three major stages, namely, double-negative (DN),
double-positive (DP), and single-positive (SP) cells. The key
events during the process include the entry of lymphoid pro-
genitor cells from bone marrow into the thymus and their dif-
ferentiation to T cell precursors, the formation of functional T
cell receptor (TCR) through TCR p-chain and «-chain
rearrangement, and positive and negative selections to ensure
the major histocompatibility complex (MHC) restriction to
self-peptide as well as the clearance of autoreactive cells [1-4].
After highly regulated developmental process in the thymus,
only about 1% of the thymocytes are able to emigrate and join
the peripheral lymphocyte pool [5, 6].

Recently, many efforts have been made to reveal the
dynamic and eventful development of SP cells in the thymic
medulla. After positive selection, the newly generated CD4
or CD8 SP T cells migrate from the thymic cortex to the
medulla, where they undergo negative selection as well
as phenotypic and functional maturation [7-10]. During
negative selection, strong interactions between TCR and

self-peptide-MHC favor T cell apoptosis. T cells expressing
TCRs with moderately high affinity to self-peptide/MHC
are permissive for the development of naturally occurring
effector T cells, such as natural regulatory T (nTreg) cells,
natural killer T (NKT) cells, natural IL-17-producing T
(nTh17) cells, and CD8aer" natural intraepithelial (nIEL) cells
[11, 12]. T cells with low affinity TCRs survive the selection,
tune down their responses to the same self-peptides, acquire
functional competence, migrate out of the thymus, and enter
the peripheral T cell pool. The thymic emigrants continue
their post-thymic education in the periphery until at an
unknown point, these cells become fully licensed to be
mature resident naive T cells. Thymic epithelial cells and
dendritic cells are the main populations that promote the
maturation of T cells after positive selection. This review will
mainly discuss the maturation and migration of positively
selected T cells in and outside of the thymus. Notably, most
of the data were obtained in CD4 SPs. We will thus focus our
effort on summarizing the research on CD4" T cells. Whether
the maturation and egress of CD8 SP follow a similar path
remains to be seen. Naturally occurring effector T cells will
not be discussed in the current review as nice summaries
can be found elsewhere [13, 14].
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FIGURE 1: A schematic illustration of the development and migration of CD4 single-positive thymocytes and CD4" recent thymic emigrants.
DP: double-positive; SP, single positive; RTE: recent thymic emigrants; pre-RTE: thymus-leaving RTE precursors.

2. Phenotypic and Functional Maturation of
SP Thymocytes

CD4 or CD8 SP thymocytes are heterogeneous based on the
expression of many molecules on the cell surface [15-17].
According to the expression of heat-stable antigen (HSA, or
CD24), SP cells can be divided into two subgroups. The sub-
group with CD24' was found to be functionally more mature
than the one with CD24" [18]. 6C10 is expressed on DP and
some SP cells [19]. Similarly, only positively selected DPs and
a part of TCR" SP cells express CD69 [20]. The acquisition of
Qa2 and CD62L was used to identify a subset of mature SP
thymocytes [8, 21]. Thus, based on the differential expression
of these markers, multiple developmental pathways of SPs can
be suggested. This will facilitate the studies of functional mat-
uration of thymocytes after positive selection, the divergence
of conventional T, nTreg, and nThl7 development, and the
stages at which negative selection occurs.

For instance, a two-stage scheme was proposed with
CD69"HSA"Qa2™ as the early stage of SPs that barely
responded to Con A or anti-CD3 stimulation and
CD69 HSA™Qa2" as the late stage ones that responded
to these stimuli by proliferation and cytokine secretion
(15,16,19, 22]. However, studies finding an intermediate func-
tional stage (CD69 Qa2”) or studies using other surface
markers suggested that this two-stage scheme may be over-
simplified [23, 24].

Based on the expression of chemokine receptor CCR7,
two kinds of three-stage developmental models were used
to investigate negative selection and the development of
conventional T cells and nTregs [25, 26]. The first one
combined the differential expression of CD24 and CCR7
and suggested that CD4 SP cells could be divided into
three subsets: SP1 (CD24*CCR77), SP2 (CD24*CCR7%),
and SP3 (CD24 CCR7%). The second one combined

CD69, CCR9 with CCR7 and suggested a slightly different
three-stage SP  development: CD69"CCR7/°CCR9",
CD69"CCR7*CCR9™, and CD69 CCR7"CCR9™. These
developmental programs were confirmed by a gradual
reduction of GFP intensities in these subsets in RAG2p-GFP
transgenic mice. In these mice, the GFP expression is
controlled by RAG2 promoter and the lingering GFP can be
used as a molecular timer after RAG expression is terminated.
Further studies showed that both models were in accordance
with the down-regulation of CD24 and upregulation of Qa2
and CD62L [25, 26]. However, no functional comparisons
were performed among these subsets.

Based on the differences of CD69, 6Cl0, and Qa2
expressions, we resolved TCRafS"CD4"CD8" thymocytes
into four subsets: SP1 (6C10"CD69"), SP2 (6C10-CD69%),
SP3 (CD69 Qa2”), and SP4 (CD69 Qa2") (Figurel) [9].
The chronological appearance of these subsets during mouse
ontogeny and after the intrathymic adoptive transfer of SP1
cells has confirmed that these four subsets define a sequential
and irreversible multistage program [9,10]. From the progres-
sion of SP1 to SP4 thymocytes, a steady increase of prolifera-
tion and cytokine production upon Con A or anti-CD3/anti-
CD28 stimulation was revealed (Figurel) [9, 10]. An
upregulation of the expression of costimulatory molecules,
cytokine receptors, and transcription factors that regulate
immune responses was also observed from the transcriptome
comparison of these four SP subsets via microarray analysis
[27]. Notably, cells with the most mature functions were
found in SP4 subset, in accordance with the phenotypic mat-
uration process and the appearance during ontogeny. Thus, a
developmental blockage at the SP3-to-SP4 transition (shown
in mice deficient in autoimmune regulator (Aire) or v-rel
reticuloendotheliosis viral oncogene homolog B (Relb)) may
result in defects in the functional maturation of CD4 SPs [9].
Indeed, compared to the thymic emigrants in wild type
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mice, the IL-2 secretion was significantly lower in Aire™/~
emigrants (Personal communication with Rong Jin).

In addition to the acquisition of immunocompetence,
the functional maturation of SP thymocytes also includes an
active “developmental tuning” process in which the signaling
pathways of SPs are attenuated to respond appropriately to
the selecting self-peptides in the periphery. Multiple intrinsic
molecular changes, such as altered subcellular distribution
and phosphorylation sites of Lck [28, 29], altered expression
of inhibitory coreceptor CD5 [30], altered glycosylation of
cell-surface receptors [31], and altered microRNA profiles
[32], may all contribute to the tuning of TCR threshold. How-
ever, at what developmental stage(s) this maturational tuning
occurs and what mechanisms regulate such tuning remain
elusive.

3. Migration of SP Thymocytes

The identification of these intermediate stages makes it possi-
ble to dissect the cellular and molecular mechanisms under-
lying the differentiation of CD4 SP thymocytes and facilitates
the study of how microenvironments of various thymic
niches modulate the SP maturation. For instance, by compar-
ing the expression of molecules associated with cell migra-
tion, we found that the cortex-to-medulla migration may not
occur immediately after positive selection and the generation
of SPs [27]. SP2, but not the newly generated SP1 thymocytes,
had a downregulated CCR9 and upregulated plexinD1 and
CCR?7 expressions (Figure 1). CCL25, the ligand of CCRY, is
produced by cortical thymic epithelial cells, thus retaining
CCR9" DP and SP1 thymocytes in the cortex [33]. This
CCRY/CCL25 signaling can be suppressed by plexinD1 [34].
The medullary migration of SPs is regulated by CCR7 (7, 35-
37]. The deficiency of Plxndl, Sema3e (a functional ligand
for plexinDl1), or Ccr7 leads to the accumulation of SP
thymocytes in the cortex. Thus, the upregulation of plexinD1
and CCR?7 in SP2 thymocytes promotes these cells migrating
toward the medulla [25, 27]. As the appearance of nTreg
precursors was detected in CD69*CCR7"CCR9™ CD4 SPs, it
also suggests that the divergence of nTreg and conventional
T cells may start at the SP2 stage in the thymic medulla [25].
Interestingly, the mRNA levels of Forkhead box Ol (FoxOl)
and Kruppel Like Factor 2 (KLF2), known as transcrip-
tion factors that regulate the expression of egress-enabling
molecule sphingosine 1-phosphate receptor type 1 (SIP,)
[38-41], were also significantly upregulated in SP2 cells, or
CD69"CCR7"CCR9™ CD4 SPs [25, 27]. It is not clear why
these changes do not occur in the newly generated CD69* SP1
cells as the changes of these molecules were thought to come
from positive selection-derived signals [35]. Signals from the
medullary microenvironment may be also involved in regu-
lating such delayed expression.

The requirement of CCR?7 for the accumulation of CD4
SP cells in the medulla was confirmed by direct visualization
of the migration pattern of purified SPs within thymic slices
or cut thymic preparations using a two-photon microscopy
[42, 43]. This technology offers a powerful tool to study
the migration and cell-cell interaction of SPs in the thymic
medulla. Using this approach, the movement of medullary

thymocytes was found to be rapid and follow confined migra-
tory paths. Such migration was slowed down and restricted in
the presence of a negative selecting ligand. The application of
CDI1lc-YFP reporter mice further revealed that thymocytes
and dendritic cells made frequent and transient interactions,
supporting the widely accepted view that SPs scan self-
antigens on epithelial cells and dendritic cells in the thymic
medulla.

Interestingly, the residence time of SP cells in the thymic
medulla is in the order of days. For instance, the residency
time of 4-7 days was suggested by BrdU pulsing study,
intrathymic adoptive transfer of SP1 cells, or intrathymic
delivery of recombinant adenoviruses expressing MHC class
II molecule into MHC II deficient mice [10, 15, 44]. Based
on the decay of GFP intensity on SP thymocytes in RAG2p-
GFP transgenic mice, a shorter and narrower window of 4-5
days of medullary persistence time was calculated [8]. Despite
the differences in suggested residency time, it remains to be
determined whether these many days are entirely required
for the removal of strong responsiveness to self-ligands. The
acquisition of functional competence and egress capability
may also take days to accomplish.

4. Negative Selection

SP thymocytes in the thymic medulla must survive negative
selection before exit. It is a process in which thymocytes bear-
ing strong self-reactivity TCRs undergo apoptosis. Negative
selection prevents the maturation and emigration of strongly
self-reactive T cells and subsequent potential to mount an
autoimmune response in the periphery. Thus, the increase
of autoreactive T cells in the periphery with the potential
to cause autoimmunity was often observed in mice lacking
the negatively selecting self-peptide-MHC complexes in the
medulla [45, 46], or with defects in T cell migration toward
the thymic medulla, or in mice with disorganized thymic
medulla. Examples include mice deficient in CCR7 [7], Relb
[47-49], NF-«xB2 [50], NIK [51], lymphotoxin 8 receptor
(LTBR) [52], TRAF6 [53], CD40 [54, 55], or Aire [9, 56-58].

The medullary thymic epithelial cells (mTECs) play a par-
ticularly important role in negative selection as the promis-
cuous expression of tissue-specific antigens (TSAs) within
the thymus was found to be enriched in mTECs, in con-
trast to cortical thymic epithelial cells (¢TECs), dendritic
cells, and macrophages [59]. To date, the only identified
transcription factor that regulates the promiscuous gene
expression of TSA in mTECs is Aire. Its critical contributions
to central tolerance were realized since the identification
of the AIRE gene in 1997 [60, 61]. Defects in Aire expres-
sion result in autoimmune-polyendocrinopathy-candidiasis-
ectodermal dystrophy (APECED) in human and multiorgan
autoimmunity and serum autoantibodies in mice [57, 62-64].
The regulation of TSA expression in mTECs is mediated by
the interaction of Aire oligomers and positive transcription
elongation factor b (P-TEFb), bringing the latter to RNA
polymerase II (RNAPII). The phosphorylated RNAPII is then
competent for elongation and cotranscriptional processing
of target genes, leading to the expression of TSAs and their
presentation to T cells via MHC [65, 66]. In addition to



the regulation of TSA expression and tolerance induction,
the antigen processing in mTECs can also be affected by Aire
[67]. Notably, Aire is also involved in the regulation of thymo-
cyte and dendritic cell migration. The expressions of CCR4,
CCR7, and XCRI ligands in the medullary epithelial cells
were modulated by Aire [68, 69]. Thus, the deficiency of
Aire resulted in diminished emigration of mature CCR7-
expressing SP thymocytes and diminished accumulation of
dendritic cells in the thymus.

Appropriate differentiation of mTECs is essential for
Aire-dependent and -independent TSA expression and nega-
tive selection. Lacking a signaling component Sin, or pertur-
bations of NF-«B signaling, such as in mice deficient in LT8R,
its ligands LTS or LIGHT, CD40, and RANK, all result in
defects in mMTECs maturation, Aire expression, and defective
negative selection [52, 54-56, 70].

The mechanisms of endogenous self-antigen loading onto
MHC class II in mTECs were not clear until recently. The
shuttling of intracellular antigens onto MHC class II by
macroautophagy was first obtained in several cell culture
models [71-75]. Its physiological relevance was then exam-
ined in the thymus. Macroautophagy-positive mTECs bear a
mature CD80™MHCII™ phenotype and highly express Aire
and TSAs [59, 76]. The direct evidence of macroautophagy in
MHC IT loading of endogenous antigen for negative selection
was provided by Aichinger et al. [77]. They used PCC and
GFP-CRP-LC3 transgenic mouse lines to directly prove in
vivo the essential role of macroautophagy in self-antigen
loading in mTECs. Using mice reconstituted with MHC II-
deficient BM and with thymi transplantation, they further
provided evidence that Aire-driven TSAs might be presented
directly by mTECs themselves [77]. Transplantation of thymi
lacking autophagy gene Afg5 resulted in the escape of forbid-
den CD4 T cell-specificities.

In addition to mTECs’ direct presentation of TSAs to SPs
in the medulla, medullary DCs (mDCs) can acquire TSAs via
the uptake of apoptotic mTECs and indirectly present them
on the cell surface [78-80]. Selective depletion of thymic
DCs in a transgenic mouse model resulted in an increased
frequency of CD4 SP T cells in the thymus and consequential
autoimmunity [81]. mDCs in the thymus can be divided
into two subsets, namely, conventional DCs (cDCs) and
plasmacytoid DCs (pDCs). Based on the expression of CD8«
and signal-regulatory protein (sirp)a, cDCs can be further
divided into CD8a'sirpa” ¢DCs and CD8a sirpa’ cDCs
[82, 83]. While CD8a"sirpa™ ¢cDCs arise from intrathymic
precursors, both CD8a” sirpa” cDCs and pDCs migrate from
the peripheral blood. These thymus-homing peripheral DCs
promote central tolerance by bringing blood-borne antigens
to SPs [84-87].

Although accumulating evidence has established that
central tolerance occurs in the thymic medulla, its impact
on the maturation process of SP thymocytes remains unclear.
In mice with defects in negative selection, such as RelB™/~
and Aire”/” mice, a developmental blockage was observed
between SP3 and SP4 thymocytes. This may implicate that
the SP3/SP4 transition could be a critical checkpoint for
SP cell development and negative selection [9]. Similarly,
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McCaughtry etal. also found that only HSA™Qa2~ SP thymo-
cytes were competent to undergo clonal deletion [8].
Recently, Daley et al. revealed that the Ikaros family tran-
scription factor Helios was specifically induced in Foxp3~
CD4 SP cells undergoing negative but not positive selection.
The expression of Helios together with the proapoptotic
protein Bim marked the first wave of thymic deletion in
CCR7 CD4"CD69" thymocytes. The second wave of remov-
ing autoreactive T cells occurred in CCR7"CD4"CD69"
thymocytes with the expression of Helios and activation of
Cardll and c-Rel (Figure1) [26]. This kind of “activation”
made the cells resistant to Bim-mediated apoptosis in the
absence of actual activation and cell proliferation as no
expression of growth mediators such as IL-2 and Myc could
be detected in Helios positive SP thymocytes. It is not clear
whether negative selection of strongly self-reactive CD4 SP
can be accomplished before the down-regulation of CD69
and upregulation of Qa2 in SPs. If not finished, whether helios
is also involved in the central tolerance of relatively mature
SPs and how SPs are signaled to stop scanning of self-peptides
presented by mTECs and mDCs remain to be investigated.

5. Redox Regulation of SPs

The transition from developing T cells in the thymus to
mature T cells in the periphery marks a dramatic change in
their environment. Factors in the blood, secondary lymphoid
organs, or even nonlymphoid tissues may have an impact
on T cells during their emigration. For instance, the oxygen
tension in blood was found to be 5-13 kPa [88], dramatically
higher than the oxygen tension in the thymus (1.3 kPa) [89]. A
modulation of redox balance and/or reduction of mitochon-
drial content may be required to prepare mature thymocytes
for the increased oxygen level in the periphery. Indeed, a
decrease of mitochondrial content was found in CD8 SP
thymocytes when compared to DP cells [90]. The amount of
mitochondria was further reduced in the peripheral CD8"
naive T cells. High mitochondrial content leads to the pro-
duction of excessive ROS, a proapoptotic factor for T cells
[91, 92]. High mitochondrial level also induces the intrinsic
death pathway mediated by Bcl-2 family proteins [93]. Thus,
in Atg7”/~ mice, an increase of mitochondrial content and
enhanced cell apoptosis was found in CD8" T cells. The
data further suggested that Atg7-mediated autophagy plays
an essential role in the clearance of mitochondria during late
stage thymocyte maturation.

Interestingly, similar levels of mitochondria were found
between CD4 SP thymocytes and DP cells. Yet reduced
mitochondria level was detected in naive CD4" T cells in the
lymph nodes [90]. This indicates that the removal of mito-
chondria in CD4" T cells may occur later than CD8" ones,
that is, during late stage SP development and/or after thymic
egress. In addition, we found a significant increase of ROS in
the most mature CD4" SPs, Qa2"CD69~ SP4 cells. The level
of ROS in this SP subset was very similar to that in mature
naive CD4" T cells (Jin et al., Inmunology and Cell Biology,
in press). It was reported that in Nef17/~ mice, the reduced
ROS level may allow the survival and egress of autoreactive
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thymocytes, thus causing autoimmune diseases [94]. This
implies that the prooxidant shift in late stage SP cells may
facilitate negative selection. ROS was also shown to induce
autophagy via autophagy gene Atg4 [95]. It would thus be
interesting to investigate whether this increase of ROS in
Qa2" going-to-be-thymic emigrants initiates the autophagy
to remove excessive mitochondria and promote the survival
of thymic emigrants outside the thymus.

6. Emigration of Mature SP Thymocytes

After completing the developmental program, mature SP
thymocytes leave the thymus as recent thymic emigrants
(RTEs) and join the population of peripheral lymphocytes.
The export ratio of RTEs to total thymocytes is kept constant
during lifetime in healthy individuals, although the absolute
number changes when thymus involutes during aging [5, 96—
98]. Constant thymic exportation helps maintain the diversity
of peripheral TCR repertoire and promote the recovery from
lymphoablation [99-101].

Multiple approaches have suggested that SPs with a
phenotype of CD69 HSA®Qa?" (SP4) acquire the thymic
egress capability. Using intrathymic injection of fluorescein
isothiocyanate (FITC) and Rag2p-GFP transgenic mice, very
similar phenotypes were found between SP4 thymocytes and
RTEs leaving the thymus within a week [8, 102].

At the molecular level, SP4 cells were found to express the
highest levels of sphingosine-1-phosphate (S1P) receptor, SIP,
and CD62L compared to other immature SP subsets, enabling
them to leave the thymus and migrate towards lymph nodes
[27]. The S1P and SIP; play a dominant role in regulating
thymocyte emigration. S1P; is expressed by mature SP cells,
while S1P is produced by vascular endothelium as well
as neural crest-derived pericytes that ensheathe the blood
vessels [6, 103-105]. The high concentration of S1P in blood
and around perivascular space (PVS) attracts S1P, -expressing
mature thymocytes to export [6, 106]. Mice deficient in S1P,
sphingosine kinases (essential for the production of SIP), or
lipid phosphate phosphatase 3 (LPP3 can degrade thymic SI1P)
showed a significant decrease of thymic output and accumu-
lation of thymocytes in the thymic medulla [6, 104, 105, 107].
The agonist of SIP, FTY720, inhibits the egress of thymocytes
from the thymus [108-110]. Other factors, such as KLF2
(transcription factor of SIP;), PI3K (negative regulator of
KLF2) and PTEN (negative regulator of PI3 K) can also influ-
ence thymocyte emigration [40, 111, 112]. Other molecules,
such as CCR7, CXCR4, early growth response gene 1 (Egrl)
[113], aryl hydrocarbon receptor (AHR) [114], laminin-5 [115],
and integrin a5p1 [116], have also been demonstrated to be
involved in the process. However, it remains elusive whether
positive selection alone or together with signals from thymic
medulla drives SPs to leave the thymus and whether negative
selection and maturation have an impact on the egress.

The export of thymocytes to the periphery is believed to
occur mainly through PVS. Various groups have reported
the presence of lymphocytes in the PVS by transmis-
sion electron-microscopic (TEM) and scanning electron-
microscopic (SEM) studies. Giant PVS filled with thymocytes

was also found in the nonobese diabetic (NOD) mice [117-
120]. More direct evidence was revealed by intravascular
injection of PE-conjugated anti-CD4 antibody. Within 5 min-
utes of the antibody injection, CD4" T cells in the PVS can
be selectively labeled. The results indicated that the majority
of thymocytes emigrate via PVS at the cortico-medullary
junction [6]. In or around the PVS region, the thymus-leaving
RTE precursors (pre-RTEs) may continue interacting with
DCs and upregulating the expression of their maturation
marker, Qa2 (Figure 1) [102]. Thus, in Aire”/~ mice in which
thymic epithelial cells failed to support the Qa2 upregulation
in the thymus, the interaction of SPs with DCs around the
PVS may facilitate the expression of Qa2 in emigrating cells.
Whether negative selection occurs at this stage is currently
not known. At least one study found that in CCR2™/~ mice,
the thymic Sirpa® cDC subset was decreased in the PVS,
and a modest impairment in intrathymic negative selection
against blood-borne antigens was revealed [87].

7. Post-Thymic Maturation of RTEs

RTEs were regarded having the same properties as mature
naive T cells until the 1970s, when it was first proposed that
T cells leave the thymus in an immature state and complete
their development in the periphery [121]. Subsequent studies
further revealed that RTEs and peripheral mature naive T
cells are different not only in phenotype but also in function
[9, 97, 122]. For instance, using RAG2p-GFP transgenic
mice or FITC/BrdU labeling, a downregulation of CD24 and
CD3/TCR and upregulation of Qa2, CD28, CD45RB, IL-7R«,
and Ly6C were found in CD4" RTEs as they gradually mature
into naive T cells [22, 122-126]. Compared to naive CD8" T
cells, CD8" RTEs express higher level of a4/37, «F integrin,
and CCR9 [127-129].

In accordance with phenotypic differences, RTEs and
naive T cells are functionally distinct. Upon activation, CD4"
RTEs revealed diminished proliferation, less production of
IL-2, IL-4, and interferon-y (IFN-y), and lower expression
of CD25 when compared to naive CD4" T cells [122, 130,
131]. Under Thl, Th17, and iTreg polarizing conditions, CD4"
RTEs expressed less characteristic cytokines or major tran-
scription factors. Compared to CD8" naive T cells, activated
CD8" RTEs produced less cytokines and generated fewer
IL-7Ra™KLRG1" memory precursor effector cells [122, 132-
134].

Another important difference lies in the TCR repertoire
between RTEs and naive T cells. Complementarity deter-
mining region 3 (CDR3) length spectratyping revealed that
TCRs expressed by RTEs were skewed toward longer CDR3
regions, suggesting the existence of more autoreactive cells in
the population of RTEs [135-137]. Thus, peripheral tolerance
of RTEs may be a necessary extension of negative selection
in the thymus [138, 139]. Self-antigens presented by DCs
and lymphoid stroma in the periphery are believed to play
an important role in promoting peripheral tolerance [140,
141]. Although lacking direct evidence, the higher expres-
sion of a4f37, aF integrin, and CCR9 may facilitate CD8"
RTEs homing to the gut-associated lymphoid tissues and



gaining tolerance to self-antigens and harmless food antigens
[127-129]. The diminished proliferation, defective cytokine
secretion, and the expression of inhibitory receptors such as
CTLA-4 and PD-1 may also help prevent autoreactive RTEs
from harmful tissue damage [97, 122, 123, 142].

The above evidence all suggests that RTEs are a unique
T cell population. However, the key events in the transition
of RTEs to mature naive T cells and its regulation are largely
unknown. Peripheral lymphoid tissue, in particular dendritic
cell compartment, is indispensable for the maturation of
RTEs whereas self peptide-MHC complexes and IL-7 are less
important [143, 144]. The transcriptional repressor NKAP
may also influence RTE maturation, as its deficiency keeps
RTEs from full maturation [145].

In addition, RTEs are widely distributed in the periphery,
such as lymph nodes, Peyer’s patches, spleen, blood, and small
intestine of mice [122,129, 146]. Notably, it was also found that
RTEs migrate into the autoimmune thyroid disease glands or
the colonic mucosa in ulcerative colitis patients [147, 148].
Thus, the microenvironments of different tissues at physio-
logical or pathological conditions may also affect the matu-
ration of RTEs.

8. Concluding Remarks

Accumulating evidence has suggested that SP thymocytes
and RTEs are not simply waiting in line to become mature
naive T cells. The maturation and migration of these T cell
populations are essential for the establishment and mainte-
nance of a self-tolerant, diverse, and functional T cell reper-
toire. The eventful maturation of SPs in the thymus and that
of RTEs in the periphery and the tolerance induction of
these cells may be connected by the same migratory dendritic
cell populations. However, microenvironments in the thymus
and in various lymphoid tissues in the periphery may shape
the T cell pool in a different way and give unique imprints in
the acquisition of T cell functions as well as migratory proper-
ties. Peripheral infection and inflammation may also change
the maturation process of RTEs. Compared to our knowledge
of the early stages of thymocyte development, the detailed
process and regulation of SP-RTE-Naive T cell transition
are far from being understood. The underlying mechanisms
of this program and their significance in diseases should be
further explored.

Acknowledgments

This work was supported by Grants from the Natural
Basic Research Program of China (2010CB945301 and
2011CB711000, for Qing Ge, 81372535, for Jin Lu), the
National Natural Sciences Foundation of China (31070787
and 31270935), the Program for New Century Excellent Tal-
ents in University (NCET-10-0175/BMU20100005), and the
Research Fund for the Doctoral Program of Higher Educa-
tion (20100001110049).

Clinical and Developmental Immunology

References

[1] T. Nitta, S. Murata, T. Ueno, K. Tanaka, and Y. Takahama,
“Thymic microenvironments for T-cell repertoire formation,”
Advances in Immunology, vol. 99, pp. 59-94, 2008.

[2] E. V. Rothenberg and T. Taghon, “Molecular genetics of T cell
development,” Annual Review of Immunology, vol. 23, pp. 601-
649, 2005.

[3] Y. Takahama, “Journey through the thymus: stromal guides for
T-cell development and selection,” Nature Reviews Immunology,
vol. 6, no. 2, pp. 127-135, 2006.

[4] R. de Pooter and J. C. Zuniga-Pfliicker, “T-cell potential and
development in vitro: the OP9-DLI approach,” Current Opinion
in Immunology, vol. 19, no. 2, pp. 163-168, 2007.

[5] S. P. Berzins, D. I. Godfrey, J. E A. P. Miller, and R. L. Boyd,
“A central role for thymic emigrants in peripheral T cell home-
ostasis,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 96, no. 17, pp. 9787-9791, 1999.

[6] M. A. Zachariah and J. G. Cyster, “Neural crest-derived peri-
cytes promote egress of mature thymocytes at the corticom-
edullary junction,” Science, vol. 328, no. 5982, pp. 1129-1135,
2010.

[7] H. Kurobe, C. Liu, T. Ueno et al., “CCR7-dependent cortex-to-
medulla migration of positively selected thymocytes is essential
for establishing central tolerance,” Immunity, vol. 24, no. 2, pp.
165-177, 2006.

[8] T. M. McCaughtry, M. S. Wilken, and K. A. Hogquist, “Thymic
emigration revisited,” Journal of Experimental Medicine, vol.
204, no. 11, pp. 2513-2520, 2007.

[9] J. Li, Y. Li, J.-Y. Yao et al, “Developmental pathway of
CD4"CD8 medullary thymocytes during mouse ontogeny and
its defect in Aire—/— mice,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 104, no. 46, pp.
18175-18180, 2007.

[10] R.Jin, W. Wang, J.-Y. Yao et al., “Characterization of the in vivo
dynamics of medullary CD4*CD8" thymocyte development,”
Journal of Immunology, vol. 180, no. 4, pp. 2256-2263, 2008.

[11] M.S. Jordan, A. Boesteanu, A. J. Reed et al., “Thymic selection
of CD4"CD25" regulatory T cells induced by an agonist self-
peptide;” Nature Immunology, vol. 2, no. 4, pp. 301-306, 2001.

[12] B. R. Marks, H. N. Nowyhed, J.-Y. Choi et al.,, “Thymic self-
reactivity selects natural interleukin 17-producing T cells that
can regulate peripheral inflammation,” Nature Immunology, vol.
10, pp. 1125-1132, 2010.

[13] L. A. Zuniga, R. Jain, C. Haines, and D.J. Cua, “Th17 cell devel-
opment: from the cradle to the grave,” Immunological Reviews,
vol. 252, pp. 78-88, 2013.

X. Yuan and T. R. Malek, “Cellular and molecular determinants
for the development of natural and induced regulatory T cells,”
Human Immunology, vol. 73, pp. 773-782, 2012.

(14

[15] B. Lucas, E Vasseur, and C. Penit, “Production, selection, and
maturation of thymocytes with high surface density of TCR,
Journal of Immunology, vol. 153, no. 1, pp. 53-62, 1994.

[16] E Ramsdell, M. Jenkins, Q. Dinh, and B. J. Fowlkes, “The
majority of CD4%8” thymocytes are functionally immature,”
Journal of Immunology, vol. 147, no. 6, pp. 1779-1785, 1991.

(17] J. Kirberg and T. Brocker, “CD45 up-regulation during lympho-
cyte maturation,” International Immunology, vol. 8, no. 11, pp.
1743-1749, 1996.



Clinical and Developmental Immunology

[18] A.Wilson, L. M. Day, R. Scollay, and K. Shortman, “Subpopula-
tions of mature murine thymocytes: properties of CD4 CD8"
and CD47CD8” thymocytes lacking the heat-stable antigen,’
Cellular Immunology, vol. 117, no. 2, pp. 312-326, 1988.

[19] K. Hayakawa, B. T. Lin, and R. R. Hardy, “Murine thymic CD4*
T cell subsets: a subset (Thy0) that secretes diverse cytokines
and overexpresses the V38 T cell receptor gene family;” Journal
of Experimental Medicine, vol. 176, no. 1, pp. 269-274, 1992.

[20] I. Yamashita, T. Nagata, T. Tada, and T. Nakayama, “CD69
cell surface expression identifies developing thymocytes which
audition for T cell antigen receptor-mediated positive selec-
tion,” International Immunology, vol. 5, no. 9, pp. 1139-1150,
1993.

J. Vernachio, M. Li, A. D. Donnenberg, and M. J. Soloski, “Qa-2
expression in the adult murine thymus. A unique marker for a
mature thymic subset,” Journal of Immunology, vol. 142, no. 1,
pp. 48-56, 1989.

[22] M.]. Gabor, D. I. Godfrey, and R. Scollay, “Recent thymic emi-
grants are distinct from most medullary thymocytes,” European
Journal of Immunology, vol. 27, no. 8, pp. 2010-2015, 1997.

[23] Q. Ge and W. E Chen, “Phenotypic identification of the sub-
groups of murine T-cell receptor a3"CD4"CD8” thymocytes
and its implication in the late stage of thymocyte development,”
Immunology, vol. 97, no. 4, pp. 665-671, 1999.

T. Tian, J. Zhang, L. Gao, X. P. Qian, and W.-FE. Chen, “Hetero-
geneity within medullary-type TCRaf3"CD3"CD4 CD8" thy-
mocytes in normal mouse thymus,” International Immunology,
vol. 13, no. 3, pp. 313-320, 2001.

[25] J. E. Cowan, S. M. Parnell, K. Nakamura, J. H. Caamano, and P.
J. Lane, “The thymic medulla is required for Foxp3+ regulatory
but not conventional CD4" thymocyte development;” Journal of
Experimental Medicine, 2013.

[26] S. R. Daley, D. Y. Hu, and C. C. Goodnow, “Helios marks
strongly autoreactive CD4" T cells in two major waves of thymic
deletion distinguished by induction of PD-1 or NF-kappaB,’
Journal of Experimental Medicine, vol. 210, pp. 269-285, 2013.

[21

[24

[27] E Teng, Y. Zhou, R. Jin et al, “The molecular signa-
ture underlying the thymic migration and maturation of
TCRaf3'CD4*CD8 thymocytes,” PLoS ONE, vol. 6, no. 10,
Article ID 25567, 2011.

[28] L. McNeill, R. J. Salmond, J. C. Cooper et al., “The differential
regulation of Lck kinase phosphorylation sites by CD45 is

critical for T cell receptor signaling responses,” Immunity, vol.
27, no. 3, pp. 425-437, 2007.

[29] T. L. Stephen, B. S. Wilson, and T. M. Laufer, “Subcellular
distribution of Lck during CD4 T-cell maturation in the thymic
medulla regulates the T-cell activation threshold,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 109, pp. 7415-7420, 2012.

[30] H. S. Azzam, A. Grinberg, K. Lui, H. Shen, E. W. Shores,
and P. E. Love, “CD5 expression is developmentally regulated
by T cell receptor (TCR) signals and TCR avidity,” Journal of
Experimental Medicine, vol. 188, no. 12, pp. 2301-2311, 1998.

[31] T.K.Starr, M. A. Daniels, M. M. Lucido, S. C. Jameson, and K. A.
Hogquist, “Thymocyte sensitivity and supramolecular activa-
tion cluster formation are developmentally regulated: a partial
role for sialylation,” Journal of Immunology, vol. 171, no. 9, pp.
4512-4520, 2003.

[32] Q.-]. Li, J. Chau, P. J. R. Ebert et al., “miR-181a is an intrinsic

modulator of T cell sensitivity and selection,” Cell, vol. 129, no.
1, pp. 147-161, 2007.

M. A. Wurbel, J. M. Philippe, C. Nguyen et al., “The chemokine
TECK is expressed by thymic and intestinal epithelial cells and
attracts double- and single-positive thymocytes expressing the
TECK receptor CCR9,” European Journal of Immunology, vol.
30, pp. 262-271, 2000.

Y. I. Choi, J. S. Duke-Cohan, W. B. Ahmed et al., “PlexinD1 gly-
coprotein controls migration of positively selected thymocytes
into the medulla,” Immunity, vol. 29, no. 6, pp. 888-898, 2008.

T. Ueno, E. Saito, D. H. D. Gray et al., “CCR7 signals are essential
for cortex-medulla migration of developing thymocytes,” Jour-
nal of Experimental Medicine, vol. 200, no. 4, pp. 493-505, 2004.

V. E. Mick, T. K. Starr, T. M. McCaughtry, L. K. McNeil, and K.
A. Hogquist, “The regulated expression of a diverse set of genes
during thymocyte positive selection in vivo,” Journal of Immu-
nology, vol. 173, no. 9, pp. 5434-5444, 2004.

T. Nitta, S. Nitta, L. Yu, M. Lipp, and Y. Takahama, “CCR7-
mediated migration of developing thymocytes to the medulla is
essential for negative selection to tissue-restricted antigens,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 106, no. 40, pp. 17129-17133, 2009.

M. A. Weinreich and K. A. Hogquist, “Thymic emigration:
when and how T cells leave home,” Journal of Immunology, vol.
181, no. 4, pp. 2265-2270, 2008.

A. Bai, H. Hu, M. Yeung, and J. Chen, “Kriippel-like factor
2 controls T cell trafficking by activating L-selectin (CD62L)
and sphingosine-1-phosphate receptor 1 transcription,” Journal
of Immunology, vol. 178, no. 12, pp. 7632-7639, 2007.

C. M. Carlson, B. T. Endrizzi, ]. Wu et al., “Kruppel-like factor 2
regulates thymocyte and T-cell migration,” Nature, vol. 442, no.
7100, pp. 299-302, 2006.

M. R. Gubbels Bupp, B. Edwards, C. Guo et al., “T cells require
Foxol to populate the peripheral lymphoid organs,” European
Journal of Immunology, vol. 39, no. 11, pp. 2991-2999, 2009.

L. L. R. Ehrlich, D. Y. Oh, I. L. Weissman, and R. S. Lewis, “Dif-
ferential contribution of chemotaxis and substrate restriction
to segregation of immature and mature thymocytes,” Immunity,
vol. 31, no. 6, pp. 986-998, 20009.

M. Le Borgne, E. Ladi, I. Dzhagalov et al., “The impact of neg-
ative selection on thymocyte migration in the medulla,” Nature
Immunology, vol. 10, no. 8, pp. 823-830, 2009.

R. Rooke, C. Waltzinger, C. Benoist, and D. Mathis, “Targeted
complementation of MHC class II deficiency by intrathymic

delivery of recombinant adenoviruses,” Immunity, vol. 7, no. 1,
pp. 123-134,1997,

T. M. Laufer, J. DeKoning, J. S. Markowitz, D. Lo, and L. H.
Glimcher, “Unopposed positive selection and autoreactivity in

mice expressing class II MHC only on thymic cortex,” Nature,
vol. 383, no. 6595, pp. 81-85, 1996.

T. M. Laufer, L. Fan, and L. H. Glimcher, “Self-reactive T cells
selected on thymic cortical epithelium are polyclonal and are
pathogenic in vivo,” Journal of Immunology, vol. 162, no. 9, pp.
5078-5084, 1999.

E Weih, D. Carrasco, S. K. Durham et al., “Multiorgan inflam-
mation and hematopoietic abnormalities in mice with a targeted
disruption of RelB, a member of the NF-xB/Rel family;” Cell, vol.
80, no. 2, pp. 331-340, 1995.



(48]

(49]

(50]

(58]

(59]

(60

(61]

L. Burkly, C. Hession, L. Ogata et al., “Expression of relB is
required for the development of thymic medulla and dendritic
cells;,” Nature, vol. 373, no. 6514, pp. 531-536, 1995.

M. Heino, P. Peterson, N. Sillanpaa et al., “RNA and protein
expression of the murine autoimmune regulator gene (Aire) in
normal, RelB-deficient and in NOD mouse;” European Journal
of Immunology, vol. 30, pp. 1884-1893, 2000.

M. Zhu, R. K. Chin, P. A. Christiansen et al., “NF-xB2 is required
for the establishment of central tolerance through an Aire-
dependent pathway;” Journal of Clinical Investigation, vol. 116,
no. 11, pp. 2964-2971, 2006.

E Kajiura, S. Sun, T. Nomura et al., “NF-kappaB2 is required
for the establishment of central tolerance through an Aire-
dependent pathway;” Journal of Immunology, vol. 172, no. 4, pp.
2067-2075, 2004.

T. Boehm, S. Scheu, K. Pfeffer, and C. C. Bleul, “Thymic medul-
lary epithelial cell differentiation, thymocyte emigration, and
the control of autoimmunity require lympho-epithelial cross
talk via LT8R, Journal of Experimental Medicine, vol. 198, no.
5, pp. 757-769, 2003.

T. Akiyama, S. Maeda, S. Yamane et al., “Dependence of self-
tolerance on TRAF6-directed development of thymic stroma,”
Science, vol. 308, no. 5719, pp- 248-251, 2005.

J. Derbinski and B. Kyewski, “Linking signalling pathways,
thymic stroma integrity and autoimmunity;” Trends in Immu-
nology, vol. 26, no. 10, pp. 503-506, 2005.

L.-O. Tykocinski, A. Sinemus, and B. Kyewski, “The thymus
medulla slowly yields its secrets,” Annals of the New York
Academy of Sciences, vol. 1143, pp. 105-122, 2008.

R.K. Chin, J. C. Lo, O. Kim et al., “Lymphotoxin pathway directs
thymic Aire expression,” Nature Immunology, vol. 4, no. 11, pp.
1121-1127, 2003.

M. S. Anderson, E. S. Venanzi, L. Klein et al., “Projection of
an immunological self shadow within the thymus by the aire
protein,” Science, vol. 298, no. 5597, pp. 1395-1401, 2002.

A. Liston, S. Lesage, ]. Wilson, L. Peltonen, and C. C. Goodnow,
“Aire regulates negative selection of organ-specific T cells,
Nature Immunology, vol. 4, no. 4, pp. 350-354, 2003.

J. Derbinski, A. Schulte, B. Kyewski, and L. Klein, “Promiscuous
gene expression in medullary thymic epithelial cells mirrors the
peripheral self;” Nature Immunology, vol. 2, no. 11, pp. 1032-1039,
2001.

J. Aaltonen, P. Bjorses, J. Perheentupa et al.,, “An autoimmune
disease, APECED, caused by mutations in a novel gene featuring
two PHD-type zinc-finger domains,” Nature Genetics, vol. 17, no.
4, pp. 399-403, 1997,

K. Nagamine, P. Peterson, H. S. Scott et al., “Positional cloning
of the APECED gene,” Nature Genetics, vol. 17, no. 4, pp. 393-
398, 1997.

P. Peterson and L. Peltonen, “Autoimmune polyendocrinopathy
syndrome type 1 (APS1) and AIRE gene: new views on molec-
ular basis of autoimmunity;” Journal of Autoimmunity, vol. 25,
pp. 49-55, 2005.

M. Waterfield and M. S. Anderson, “Clues to immune tolerance:
the monogenic autoimmune syndromes,” Annals of the New
York Academy of Sciences, vol. 1214, no. 1, pp. 138-155, 2010.

C. Ramsey, O. Winqvist, L. Puhakka et al., “Aire deficient mice
develop multiple features of APECED phenotype and show

[71

(72

[74

(75

(77

(78

]

]

]

]

Clinical and Developmental Immunology

altered immune response,” Human Molecular Genetics, vol. 11,
no. 4, pp. 397-409, 2002.

K. Zumer and K. Saksela, “Peterlin BM The mechanism of
tissue-restricted antigen gene expression by AIRE, Journal of
Immunology, vol. 190, pp. 2479-2482, 2013.

T. C. Metzger and M. S. Anderson, “Control of central and
peripheral tolerance by Aire,” Immunological Reviews, vol. 241,
no. 1, pp. 89-103, 2011.

C.J. Kroger, R. R. Flores, M. Morillon, B. Wang, and R. Tisch,
“Dysregulation of thymic clonal deletion and the escape of
autoreactive T cells)” Archivum Immunologiae et Therapiae
Experimentalis, vol. 58, no. 6, pp. 449-457, 2010.

Y. Lei, A. M. Ripen, N. Ishimaru et al., “Aire-dependent produc-
tion of XCL1 mediates medullary accumulation of thymic den-
dritic cells and contributes to regulatory T cell development,”
Journal of Experimental Medicine, vol. 208, no. 2, pp. 383-394,
2011.

M. Laan, K. Kisand, V. Kont et al., “Autoimmune regulator
deficiency results in decreased expression of CCR4 and CCR7
ligands and in delayed migration of CD4" thymocytes,” Journal
of Immunology, vol. 183, no. 12, pp. 7682-7691, 2009.

N.M. Danzl, L. T. Donlin, and K. Alexandropoulos, “Regulation
of medullary thymic epithelial cell differentiation and function
by the signaling protein Sin,” Journal of Experimental Medicine,
vol. 207, no. 5, pp. 999-1013, 2010.

M. I Brazil, S. Weif}, and B. Stockinger, “Excessive degradation
of intracellular protein in macrophages prevents presentation
in the context of major histocompatibility complex class II
molecules,” European Journal of Immunology, vol. 27, no. 6, pp.
1506-1514, 1997.

E Nimmerjahn, S. Milosevic, U. Behrends et al., “Major his-
tocompatibility complex class II-restricted presentation of a
cytosolic antigen by autophagy;,” European Journal of Immunol-
ogy, vol. 33, no. 5, pp. 1250-1259, 2003.

D. Dorfel, S. Appel, F. Griinebach et al, “Processing and
presentation of HLA class I and II epitopes by dendritic cells
after transfection with in vitro-transcribed MUC1 RNA,” Blood,
vol. 105, no. 8, pp. 3199-3205, 2005.

C.Paludan, D. Schmid, M. Landthaler et al., “Endogenous MHC
class II processing of a viral nuclear antigen after autophagy;,’
Science, vol. 307, no. 5709, pp. 593-596, 2005.

A. Riedel, E Nimmerjahn, S. Burdach, U. Behrends, G. W.
Bornkamm, and J. Mautner, “Endogenous presentation of a
nuclear antigen on MHC class II by autophagy in the absence of
CRMI-mediated nuclear export,” European Journal of Immunol-
0gy, vol. 38, no. 8, pp. 2090-2095, 2008.

J. Nedjic, M. Aichinger, J. Emmerich, N. Mizushima, and
L. Klein, “Autophagy in thymic epithelium shapes the T-cell
repertoire and is essential for tolerance,” Nature, vol. 455, no.
7211, pp. 396-400, 2008.

M. Aichinger, C. Wu, J. Nedjic, and L. Klein, “Macroautophagy
substrates are loaded onto MHC class II of medullary thymic
epithelial cells for central tolerance,” Journal of Experimental
Medicine, vol. 210, pp. 287-300, 2013.

L. Klein, M. Hinterberger, G. Wirnsberger, and B. Kyewski,
“Antigen presentation in the thymus for positive selection and
central tolerance induction,” Nature Reviews Immunology, vol.
9, no. 12, pp. 833-844, 2009.



Clinical and Developmental Immunology

(79]

(80

(81]

(82]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

C. Koble and B. Kyewski, “The thymic medulla: a unique
microenvironment for intercellular self-antigen transfer,” Jour-
nal of Experimental Medicine, vol. 206, no. 7, pp. 1505-1513, 2009.

V. Millet, P. Naquet, and R. R. Guinamard, “Intercellular MHC
transfer between thymic epithelial and dendritic cells;” Euro-
pean Journal of Immunology, vol. 38, no. 5, pp. 1257-1263, 2008.

C. Ohnmacht, A. Pullner, S. B. S. King et al., “Constitutive
ablation of dendritic cells breaks self-tolerance of CD4 T cells
and results in spontaneous fatal autoimmunity;” Journal of
Experimental Medicine, vol. 206, no. 3, pp. 549-559, 2009.

L. Wu and K. Shortman, “Heterogeneity of thymic dendritic
cells,” Seminars in Immunology, vol. 17, no. 4, pp. 304-312, 2005.

A. 1. Proietto, S. Van Dommelen, and L. Wu, “The impact of cir-
culating dendritic cells on the development and differentiation
of thymocytes,” Immunology and Cell Biology, vol. 87, no. 1, pp.
39-45, 2009.

E. Donskoy and 1. Goldschneider, “Two developmentally dis-
tinct populations of dendritic cells inhabit the adult mouse thy-
mus: demonstration by differential importation of hematoge-
nous precursors under steady state conditions,” Journal of
Immunology, vol. 170, no. 7, pp. 3514-3521, 2003.

J. Li, J. Park, D. Foss, and I. Goldschneider, “Thymus-homing
peripheral dendritic cells constitute two of the three major
subsets of dendritic cells in the steady-state thymus,” Journal of
Experimental Medicine, vol. 206, no. 3, pp. 607-622, 2009.

H. Hadeiba, K. Lahl, A. Edalati et al., “Plasmacytoid dendritic
cells transport peripheral antigens to the thymus to promote
central tolerance;” Immunity, vol. 36, no. 3, pp. 438-450, 2012.

T. Baba, Y. Nakamoto, and N. Mukaida, “Crucial contribution of
thymic Sirpa+ conventional dendritic cells to central tolerance
against blood-borne antigens in a CCR2-dependent manner,”
Journal of Immunology, vol. 183, no. 5, pp. 3053-3063, 2009.

M. Sitkovsky and D. Lukashev, “Regulation of immune cells by
local-tissue oxygen tension: HIFle and adenosine receptors,’
Nature Reviews Immunology, vol. 5, no. 9, pp. 712-721, 2005.

R. D. Braun, J. L. Lanzen, S. A. Snyder, and M. W. Dewhirst,
“Comparison of tumor and normal tissue oxygen tension
measurements using OxyLite or microelectrodes in rodents,”
American Journal of Physiology: Heart and Circulatory Physiol-
ogy, vol. 280, no. 6, pp. H2533-H2544, 2001.

H. H. Pua, J. Guo, M. Komatsu, and Y.-W. He, “Autophagy is
essential for mitochondrial clearance in mature T lymphocytes,”
Journal of Immunology, vol. 182, no. 7, pp. 4046-4055, 2009.

P. A. Sandstrom and T. M. Buttke, “Autocrine production of
extracellular catalase prevents apoptosis of the human CEM
T-cell line in serum-free medium,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 90, no.
10, pp. 4708-4712, 1993.

D. A. Hildeman, T. Mitchell, T. K. Teague et al., “Reactive
oxygen species regulate activation-induced T cell apoptosis,”
Immunity, vol. 10, no. 6, pp. 735-744, 1999.

J. C. Rathmell and C. B. Thompson, “The central effectors of cell
death in the immune system,” Annual Review of Immunology,
vol. 17, pp. 781-828, 1999.

M. Hultqvist, J. Backlund, K. Bauer, K. A. Gelderman, and
R. Holmdahl, “Lack of reactive oxygen species breaks T cell
tolerance to collagen type IT and allows development of arthritis
in mice;” Journal of Immunology, vol. 179, no. 3, pp. 1431-1437,
2007.

(95]

[96

[97

(98

(100

[101]

[102

[103]

[104]

[105]

[106]

[107

(108]

[109]

R. Scherz-Shouval, E. Shvets, E. Fass, H. Shorer, L. Gil, and Z.
Elazar, “Reactive oxygen species are essential for autophagy and
specifically regulate the activity of Atg4,” EMBO Journal, vol. 26,
no. 7, pp. 1749-1760, 2007.

J. S. Hale, T. E. Boursalian, G. L. Turk, and P. J. Fink, “Thymic
output in aged mice,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 103, no. 22, pp.
8447-8452, 2006.

P.J. Fink and D. W. Hendricks, “Post-thymic maturation: young
T cells assert their individuality;” Nature Reviews Immunology,
vol. 11, no. 8, pp. 544-549, 2011.

R.Jin, J. Zhang, and W. Chen, “Thymic output: influence factors
and molecular mechanism,” Cellular & Molecular Immunology,
vol. 3, no. 5, pp. 341-350, 2006.

E.J. Yager, M. Ahmed, K. Lanzer, T. D. Randall, D. L. Woodland,
and M. A. Blackman, “Age-associated decline in T cell repertoire
diversity leads to holes in the repertoire and impaired immunity
to influenza virus,” Journal of Experimental Medicine, vol. 205,
no. 3, pp. 711-723, 2008.

C. L. Mackall, E T. Hakim, and R. E. Gress, “Restoration of T-cell
homeostasis after T-cell depletion,” Seminars in Immunology,
vol. 9, no. 6, pp. 339-346, 1997.

Q. Ge, I. Hu, H. N. Eisen, and J. Chen, “Different contributions
of thymopoiesis and homeostasis-driven proliferation to the
reconstitution of naive and memory T cell compartments,’
Proceedings of the National Academy of Sciences of the United
States of America, vol. 99, no. 5, pp. 2989-2994, 2002.

J. Dong, Y. Chen, X. Xu et al., “Homeostatic properties and phe-
notypic maturation of murine CD4" pre-thymic emigrants in
the thymus,” PLoS ONE, vol. 8, Article ID e56378, 2013.

K. Venkataraman, Y.-M. Lee, J. Michaud et al., “Vascular endo-
thelium as a contributor of plasma sphingosine 1-phosphate,”
Circulation Research, vol. 102, no. 6, pp. 669-676, 2008.

M. L. Allende, J. L. Dreier, S. Mandala, and R. L. Proia, “Expres-
sion of the sphingosine 1-phosphate receptor, SIP1, on T-cells
controls thymic emigration,” Journal of Biological Chemistry,
vol. 279, no. 15, pp. 15396-15401, 2004.

M. Matloubian, C. G. Lo, G. Cinamon et al., “Lymphocyte egress
from thymus and peripheral lymphoid organs is dependent on
SIP receptor 1,” Nature, vol. 427, no. 6972, pp. 355-360, 2004.

S. R. Schwab, J. P. Pereira, M. Matloubian, Y. Xu, Y. Huang, and
J. G. Cyster, “Immunology: lymphocyte sequestration through
SIP lyase inhibition and disruption of SIP gradients,” Science,
vol. 309, no. 5741, pp. 1735-1739, 2005.

B. Bréart, W. D. Ramos-Perez, A. Mendoza et al., “Lipid phos-
phate phosphatase 3 enables efficient thymic egress,” Journal of
Experimental Medicine, vol. 208, no. 6, pp. 1267-1278, 2011.

H. Rosen, C. Alfonso, C. D. Surh, and M. G. McHeyzer-
Williams, “Rapid induction of medullary thymocyte phenotypic
maturation and egress inhibition by nanomolar sphingosine 1-
phosphate receptor agonist,” Proceedings of the National Acade-
my of Sciences of the United States of America, vol. 100, no. 19,
pp- 10907-10912, 2003.

C. Alfonso, M. G. McHeyzer-Williams, and H. Rosen, “CD69
down-modulation and inhibition of thymic egress by short- and
long-term selective chemical agonism of sphingosine 1-phos-
phate receptors,” European Journal of Immunology, vol. 36, no.
1, pp. 149-159, 2006.



10

[110]

[111]

[112]

(113]

[114]

[115]

(116

(117]

[118]

[119]

(120]

[121]

(122]

[123]

[124]

[125]

[126]

H. Yagi, R. Kamba, K. Chiba et al., “Immunosuppressant
FTY720 inhibits thymocyte emigration,” European Journal of
Immunology, vol. 30, no. 5, pp. 1435-1444, 2000.

L. V. Sinclair, D. Finlay, C. Feijoo et al., “Phosphatidylinositol-
3-OH kinase and nutrient-sensing mTOR pathways control T
lymphocyte trafficking,” Nature Immunology, vol. 9, no. 6, pp.
513-521, 2008.

S. D. Barbee and J. Alberola-Ila, “Phosphatidylinositol 3-kinase
regulates thymic exit,” Journal of Immunology, vol. 174, no. 3, pp.
1230-1238, 2005.

E J. Schnell and G. J. Kersh, “Control of recent thymic emigrant
survival by positive selection signals and early growth response
gene 17 Journal of Immunology, vol. 175, no. 4, pp. 2270-2277,
2005.

V. V. Temchura, M. Frericks, W. Nacken, and C. Esser, “Role of
the aryl hydrocarbon receptor in thymocyte emigration in vivo,”
European Journal of Immunology, vol. 35, no. 9, pp. 2738-2747,
2005.

M. Vivinus-Nebot, P. Rousselle, J.-P. Breittmayer et al., “Mature
human thymocytes migrate on laminin-5 with activation
of metalloproteinase-14 and cleavage of CD44, Journal of
Immunology, vol. 172, no. 3, pp. 1397-1406, 2004.

V. Cotta-de-Almeida, D. M. Serra Villa-Verde, E Lepault, J.-M.
Pléau, M. Dardenne, and W. Savino, “Impaired migration of
NOD mouse thymocytes: a fibronectin receptor-related defect,”
European Journal of Immunology, vol. 34, no. 6, pp. 1578-1587,
2004.

T. Ushiki and M. Takeda, “Three-dimensional ultrastructure of
the perivascular space in the rat thymus,” Archives of Histology
and Cytology, vol. 60, no. 1, pp. 89-99, 1997.

L. Henry, T. E. Durrant, and G. Anderson, “Pericapillary colla-
gen in the human thymus: implications for the concept of the
“blood-thymus” barrier,” Journal of Anatomy, vol. 181, no. 1, pp.
39-46,1992.

S.Katoand G.I. Schoefl, “Microvasculature of normal and invo-
luted mouse thymus. Light- and electron-microscopic study;’
Acta Anatomica, vol. 135, no. 1, pp. 1-11, 1989.

W. Savino, C. Carnaud, J.-J. Luan, J.-E Bach, and M. Dardenne,
“Characterization of the extracellular matrix-containing giant
perivascular spaces in the NOD mouse thymus,” Diabetes, vol.
42, no. 1, pp. 134-140, 1993.

O. Stutman, “Intrathymic and extrathymic T cell maturation,”
Immunological Reviews, vol. 42, pp. 138-184, 1978.

T. E. Boursalian, J. Golob, D. M. Soper, C. J. Cooper, and P.
J. Fink, “Continued maturation of thymic emigrants in the
periphery;” Nature Immunology, vol. 5, no. 4, pp. 418-425, 2004.

C.-K. Lee, K. Kim, L. A. Welniak, W. J. Murphy, K. Muegge,
and S. K. Durum, “Thymic emigrants isolated by a new method
possess unique phenotypic and functional properties,” Blood,
vol. 97, no. 5, pp. 1360-1369, 2001.

K. A. Kelly and R. Scollay, “Analysis of recent thymic emi-
grants with subset- and maturity-related markers,” International
Immunology, vol. 2, no. 5, pp. 419-425, 1990.

D. E Tough and J. Sprent, “Turnover of naive- and memory-
phenotype T cells,” Journal of Experimental Medicine, vol. 179,
no. 4, pp. 1127-1135, 1994.

L. J. McHeyzer-Williams and M. G. McHeyzer-Williams,
“Developmentally distinct Th cells control plasma cell produc-
tion in vivo,” Immunity, vol. 20, no. 2, pp. 231-242, 2004.

Clinical and Developmental Immunology

[127] M. Svensson, J. Marsal, A. Ericsson et al., “CCL25 mediates the
localization of recently activated CD8«f8" lymphocytes to the
small-intestinal mucosa;” Journal of Clinical Investigation, vol.
110, no. 8, pp. 1113-1121, 2002.

[128] B. Johansson-Lindbom, M. Svensson, M.-A. Wurbel, B. Malis-
sen, G. Marquez, and W. Agace, “Selective generation of
gut tropic T cells in gut-associated lymphoid tissue (GALT):
requirement for GALT dendritic cells and adjuvant,” Journal of
Experimental Medicine, vol. 198, no. 6, pp. 963-969, 2003.

[129] T. L. Staton, A. Habtezion, M. M. Winslow, T. Sato, P. E. Love,
and E. C. Butcher, “CD8" recent thymic emigrants home to and
efficiently repopulate the small intestine epithelium,” Nature
Immunology, vol. 7, no. 5, pp. 482-488, 2006.

[130] J.-E Chang, C. A. Thomas III, and J. T. Kung, “Induction of high
level IL-2 production in CD4"8- T helper lymphocytes requires
post-thymic development,” Journal of Immunology, vol. 147, no.
3, pp. 851-859, 1991.

[131] D. W. Hendricks and P. J. Fink, “Recent thymic emigrants are
biased against the T-helper type 1 and toward the T-helper type
2 effector lineage,” Blood, vol. 117, no. 4, pp. 1239-1249, 2011.

[132] B. Priyadharshini, R. M. Welsh, D. L. Greiner, R. M. Gerstein,
and M. A. Brehm, “Maturation-dependent licensing of naive T
cells for rapid TNF production,” PLoS ONE, vol. 5, no. 11, Article
ID e15038, 2010.

[133] L. E. Makaroff, D. W. Hendricks, R. E. Niec, and P. J. Fink,
“Postthymic maturation influences the CD8 T cell response to
antigen,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 106, no. 12, pp. 4799-4804, 2009.

[134] N.S. Joshi and S. M. Kaech, “Effector CD8 T cell development:
a balancing act between memory cell potential and terminal
differentiation,” Journal of Immunology, vol. 180, no. 3, pp. 1309-
1315, 2008.

[135] E. G. Houston Jr. and P. J. Fink, “MHC drives TCR repertoire
shaping, but not maturation, in recent thymic emigrants;’
Journal of Immunology, vol. 183, no. 11, pp. 7244-7249, 2009.

[136] J. Nishio, M. Suzuki, T. Nanki, N. Miyasaka, and H. Kohsaka,
“Development of TCRB CDR3 length repertoire of human T
lymphocytes,” International Immunology, vol. 16, no. 3, pp. 423-
431, 2004.

[137] T. Matsutani, T. Ohmori, M. Ogata et al., “Comparison of CDR3
length among thymocyte subpopulations: impacts of MHC and
BV segment on the CDR3 shortening,” Molecular Immunology,
vol. 44, no. 9, pp. 2378-2387, 2007.

[138] B. Kyewski and L. Klein, “A central role for central tolerance,”
Annual Review of Immunology, vol. 24, pp. 571-606, 2006.

[139] Y.Yin, Y. Li, M. C. Kerzic, R. Martin, and R. A. Mariuzza, “Struc-
ture of a TCR with high affinity for self-antigen reveals basis
for escape from negative selection,” EMBO Journal, vol. 30, no.
6, pp. 1137-1148, 2011.

[140] V. Lukacs-Kornek and S. J. Turley, “Self-antigen presentation
by dendritic cells and lymphoid stroma and its implications for
autoimmunity;” Current Opinion in Immunology, vol. 23, no. 1,
pp. 138-145, 2011.

[141] J. M. Gardner, J. J. DeVoss, R. S. Friedman et al., “Deletional tol-
erance mediated by extrathymic aire-expressing cells,” Science,
vol. 321, no. 5890, pp. 843-847, 2008.

[142] G. Thangavelu, J. C. Parkman, C. L. Ewen, R. R. E. Uwiera,
T. A. Baldwin, and C. C. Anderson, “Programmed death-1 is



Clinical and Developmental Immunology

[143]

(144]

[145]

[146]

(147

[148]

required for systemic self-tolerance in newly generated T cells
during the establishment of immune homeostasis,” Journal of
Autoimmunity, vol. 36, no. 3-4, pp. 301-312, 2011.

E. G. Houston Jr., R. Nechanitzky, and P. J. Fink, “Cutting edge:
contact with secondary lymphoid organs drives postthymic T
cell maturation,” Journal of Immunology, vol. 181, no. 8, pp. 5213-
5217, 2008.

E. G.J. Houston, T. E. Boursalian, and P. J. Fink, “Homeostatic
signals do not drive post-thymic T cell maturation,” Cellular
Immunology, vol. 274, no. 1-2, pp. 39-45, 2012.

E-C. Hsu, A. G. Pajerowski, M. Nelson-Holte, R. Sundsbak,
and V. S. Shapiro, “NKAP is required for T cell maturation and
acquisition of functional competency,” Journal of Experimental
Medicine, vol. 208, no. 6, pp- 1291-1304, 2011.

S.P.Berzins, R. L. Boyd, and J. E A. P. Miller, “The role of the thy-
mus and recent thymic migrants in the maintenance of the adult
peripheral lymphocyte pool,” Journal of Experimental Medicine,
vol. 187, no. 11, pp. 1839-1848, 1998.

K. Elgbratt, G. Kurlberg, M. Hahn-Zohric, and E. Hultgren
Hoérnquist, “Rapid migration of thymic emigrants to the colonic
mucosa in ulcerative colitis patients,” Clinical and Experimental
Immunology, vol. 162, no. 2, pp. 325-336, 2010.

M. P. Armengol, L. Sabater, M. Ferndndez et al., “Influx of recent
thymic emigrants into autoimmune thyroid disease glands in
humans,” Clinical and Experimental Immunology, vol. 153, no.
3, pp. 338-350, 2008.

1



